Transcript regulation in response to high salinity was investigated for salt-tolerant rice (var Pokkali) with microarrays including 1728 cDNAs from libraries of salt-stressed roots. NaCl at 150 mM reduced photosynthesis to one tenth of the prestress value within minutes. Hybridizations of RNA to microarray slides probed for changes in transcripts from 15 min to 1 week after salt shock. Beginning 15 min after the shock, Pokkali showed upregulation of transcripts. Approximately 10% of the transcripts in Pokkali were significantly upregulated or downregulated within 1 hr of salt stress. The initial differences between control and stressed plants continued for hours but became less pronounced as the plants adapted over time. The interpretation of an adaptive process was supported by the similar analysis of salinity-sensitive rice (var IR29), in which the immediate response exhibited by Pokkali was delayed and later resulted in downregulation of transcription and death. The upregulated functions observed with Pokkali at different time points during stress adaptation changed over time. Increased protein synthesis and protein turnover were observed at early time points, followed by the induction of known stress-responsive transcripts within hours, and the induction of transcripts for defenserelated functions later. After 1 week, the nature of upregulated transcripts (e.g., aquaporins) indicated recovery.
INTRODUCTION
In agricultural systems, the abiotic stresses-salinity, low temperature, and drought in particular-are responsible for most of the reduction that differentiates yield potential from harvestable yield (Boyer, 1982) . Salt stress, the focus of our work, can lead to changes in development, growth, and productivity, and severe stress may threaten survival. Many studies have examined the effects of these stress factors, with the aim of discovering mechanisms used by stress-tolerant species and the elements that might confer tolerance to sensitive plants. At the physiological level, the multitude of effects of salt stress indicates the importance of protecting the organism from damage by reactive oxygen species that inevitably increase as water deficit and increased ion uptake impair photosynthesis (Noctor and Foyer, 1998; Dat et al., 2000) . Also implicated are the protective roles played by the accumulation of metabolites that seem to act in more than one function-preventing radical formation, acting as low-molecular-weight chaperones, contributing to redox control, and functioning as compatible solutes by decreasing the osmotic potential (Barkla et al., 1999; Hasegawa et al., 2000; Sakamoto and Murata, 2000) . Work on the components involved in relative tolerance has identified several proteins that determine end points of physiological responses (Hasegawa et al., 2000) . Studies with transgenic plants support the notion that altered gene expression can lead to improvements in tolerance (Van Camp et al., 1996; Shikanai et al., 1998; Apse et al., 1999) .
In addition, components of abiotic stress signal recognition and transduction pathways and, in part, the transcription activators now have become known (Hasegawa et al., 2000; Mizoguchi et al., 2000; Zhu, 2001) . These components initiate and control the expression of downstream biochemical reactions by, for example, the action of a calcium sensor on a protein kinase that affects the activity of an Na ϩ /H ϩ antiporter Ishitani et al., 2000; Shi et al., 2000) . It is not clear whether the mechanistic end points that until now have been targeted by the generation of transgenic additions will have significant effect on plants in the field. An approach that may hold more promise is the transgenic enhancement of stress signaling pathways (JagloOttosen et al., 1998; Kasuga et al., 1999) . New tools are now available to further our understanding of the genetics of abiotic stress tolerance, allowing us to address the complexity of stress responses on a larger scale through genome-wide expression profiling (Reymond et al., 2000; Richmond and Somerville, 2000) .
We have used DNA microarrays to monitor transcript abundance and expression patterns in rice (lines Pokkali and IR29) exposed to high salinity. On the basis of root cDNA libraries and expressed sequence tags (ESTs) from the moderately salt-tolerant rice line Pokkali, microarray elements were assembled to monitor changes in transcripts compared with unstressed plants, from 15 min to 1 week after salt shock. We compared the behavior of Pokkali with that of the salt-sensitive variety IR29 as part of a program to detect, describe, and understand plant responses to high salinity (www.stress-genomics.org). We have focused on the response to salt shock in rice in hybridizations to 1728 transcripts derived from the roots of stressed plants (salt shock). The results indicate a progression of regulated functions such that different categories of transcripts show regulation at different time points. A difference between the two lines existed with respect to the onset of the initial response, with IR29 responding more slowly than Pokkali. Also, after 3 to 6 hr of stress, changes in transcript abundance began to converge on the prestress level in Pokkali, whereas for IR29 a general decrease of transcript amounts started ‫ف‬ 3 hr into the period of stress. The latter led to the death of IR29 plants, whereas the plants of line Pokkali recovered.
RESULTS AND DISCUSSION

Physiological Analysis of Pokkali under Salt Stress Conditions
Photosynthesis, stomatal conductance, and transpiration were measured for Pokkali and IR29 seedlings ( Figure 1 ) after the addition of 150 mM NaCl. Photosynthesis decreased within minutes and stabilized within 30 min at one tenth of the prestress level in line Pokkali ( Figure 1A ). The decrease was paralleled by decreased stomatal conductance and transpiration rates, indicating limited CO 2 assimilation due to stomatal closure. Under long-term salt stress, Pokkali continued to grow at a low photosynthetic rate; after 7 days of salt stress, plant biomass had approximately doubled. It is known that Pokkali maintains water content in the shoot during a 6-week stress under the conditions used here (Moons et al., 1995) . In contrast, salt-sensitive IR29 showed a slightly slower response to the shock treatment ( Figure  1B ), and the plants had wilted irreversibly after 24 hr. These data indicated that Pokkali achieved tolerance by rapidly ex- Net CO 2 assimilation and stomatal conductance in Pokkali (A) and IR29 (B) seedlings under salt-stress conditions (150 mM NaCl). Seedlings were grown in Hoagland's nutrient solution and exposed to salt stress (9 AM) as indicated by the arrow.
pressing mechanisms that resist salt stress more efficiently than those available to the salt-sensitive IR29.
Profiles of Transcript Abundance
A comparison of transcripts in Pokkali roots under control and salt stress conditions should identify differences pertinent to the tolerance "capacity" of the line. Table 1 ). The annotation process assembled 25% of the ESTs within contigs (based on stretches of overlapping sequences). Approximately 41% of the sequences from library OC were categorized as unclassified proteins, including those in the "no hits" category. This number increased to ‫ف‬ 58% in libraries from stressed plants. In the category no hits, 324 ESTs were found in the nonredundant database. Homologies were found for many of these ESTs, but 154 ESTs, mostly from stressed plants, did not show significant homology with ESTs in the databases. Other major distinctions in transcript composition between the control and stress library ESTs included, as a function of stress, a precipitous decrease in the protein synthesis category. In contrast, more transcripts were found for the transport facilitation and cell defense categories (Table 1) .
Microarray Assembly
DNAs of selected clones containing inserts longer than 500 bp from the OC, OD, and OE libraries were amplified using T3/T7 primers. Amplicons longer than 400 bp were printed. The resulting microarrays comprised 1728 transcripts spotted in triplicate (5184 elements per slide). A table identifying all ESTs included in the array is provided at www.stressgenomics.org. After hybridization and washing, we analyzed the microarray data using commercial software. Signals from triplicate spots were averaged. The Cy3/Cy5 signal intensities were adjusted with the help of exogenously added control genes that had been placed in different sections of the microarray slides to compensate for variable background levels (see Methods). Also, ratios were calculated for the total Cy3 signal from all spots on a slide in relation to the total Cy5 signal. As an initial control, the microarrays were hybridized using fluorescent targets produced from mRNA taken from nonstressed root and leaf tissues (Figure 2A ), indicating that most transcripts on the array, which derived from the root libraries, were more highly expressed in roots than in leaves. RNA gel blot analyses confirmed the tissue specificity of the array hybridization data ( Figure 2B ). (A) Scatter plot comparing the spot intensities in hybridizations with probes from nonstressed roots (Cy3 labeled, x axis) and leaves (Cy5 labeled, y axis). Data from images of both Cy3 and Cy5 were plotted as the mean signal intensity after normalization of ESTs spotted in triplicate. The signal intensity of OsMT-1 (transcript 1272, triangle), asr1 (transcript 1719, square), and ␣-tubulin (transcript 1320, circle) are individually plotted and were confirmed by RNA gel blot analysis. (B) RNA gel blot analysis for selected clones with total RNA (10 g/ lane) from control roots and leaves. RNA gel blot hybridizations were performed under the same condition used for the microarrays. The same membrane with total RNA from leaves and roots was used repeatedly for RNA gel blot hybridizations after washing with boiling water before reprobing. An RNA dilution series is included. Images exposed on x-ray film were analyzed by GelExpert software (version 3.5; Nucleotech, San Carlos, CA). The calculated log-10 ratios for root and leaf signals in RNA gel blot and microarrays are as follows: OsMT-1, 1.10/0.98; asr1, Ϫ0.4/Ϫ0.4; and ␣-tubulin, 0.02/Ϫ0.01.
We tested variability within and between experiments (Figure 3 ). Changes in signal intensity were converted into log-10 expression ratios (LR) (LR [Cy3/Cy5]), for the Cy5/ Cy3 signals of all clones on the arrays. Plotted are changes proportional to the scatter of data points around the mean as standard deviation from the population mean. Figure 3A compares the deviation from the mean of separate hybridizations with RNA from one experiment indicating 91% of the signals at LR 0.1 are equivalent to a deviation of Ϯ 1.25-fold. Within LR, 0.15 ( Ϯ 1.4-fold) were 98% of the signals and 0.18% of the signals at LR higher than 0.2 ( Ϯ 1.6-fold; Figure 3A ). From technical repetitions for all time points, we concluded that the microarrays detected differential expression at greater than Ϯ 0.2 LR, similar to thresholds reported previously (Maleck et al., 2000) . Higher variability was observed in repeat experiments using RNA from root tissues exposed to the same experimental conditions and harvested over a period of 1 year. Results are exemplified by a repeat experiment using RNA from 7-day stressed root tissue ( Figure 3B ). Within LR 0.1 were 76% of the signals, and 92% were within LR 0.15. Only 2.7% of the signals deviated greater than 0.2 LR, that is, 47 of 1728 ESTs, and this variation appeared to be random. Variation is, however, not the only parameter to consider, because a juxtaposition of the observed variations indicated that notwithstanding different absolute ratios of regulation, transcripts at greater than Ϯ 0.2 LR in one experiment typically were also among the most highly upregulated in independent experiments, although not always as high as the chosen threshold level. For significantly upregulated transcripts in the experiment listed in Tables 4 (Pokkali) and 6 (IR29), which we discuss below, we have listed regulation observed in a second, independent experiment.
Transcript Behavior in Pokkali under Salt Stress
In all experiments, we compared the intensities of Cy3-and Cy5-labeled target ( Figure 4A ; labeled "PK nonstress") to normalize variability. In this control, 95% of the spots were located within Ϯ 0.07 LR, providing a measure of experimental and systematic errors. Nonstressed 3-hr RNA (harvested 6 hr into the light period) hybridized against control RNA (nonstressed, harvested 3 hr into the light period) showed profiles very similar to those of control versus control RNA (98% of the spots located within Ϯ 0.1 LR), indicating that diurnal changes had little impact ( Figure 4B , PK, nonstress 3 hr).
Altered regulation in gene expression after salt shock was detected by comparing probes from control times to probes at six RNA collection times after the imposition of stress ( Figure 4A ). Shaded in Figures 4 and 5 are LR at less than Ϯ 0.2 (less than Ϯ 1.6-fold change), which we considered not significant. The earliest time point after imposition of salt stress (15 min; Figure 4A , PK 15 min) indicated that Pokkali responded at the level of transcription within a time frame that corresponded to the changes in photosynthesis. After 15 min of salt stress, only 2% of the transcripts were upregulated or downregulated by greater than Ϯ 0.2 LR. An additional 14% were upregulated or downregulated by greater than Ϯ 0.1 LR (8% greater than ϩ 0.1 LR and 6% less than Ϫ 0.1 LR). After 1 hr ( Figure 4A , PK 1 hr), 33% of all tran- (A) Technical repetition. Scatter plot comparing the log-10 expression ratios (LR) from independent hybridizations using the same RNA. RNA of Pokkali root tissue from control and 150 mM NaClstressed Pokkali were labeled with Cy3 and Cy5, respectively, and the log ratios are compared. The repetition indicated 99% of the ESTs within Ϯ0.2 LR. (B) Scatter plot comparing the LR from independent hybridizations using RNA from different experiments with plants grown at different times under identical conditions in a greenhouse. Root RNA from control and 150 mM NaCl-stressed Pokkali extracted from the different sets of plants were labeled with Cy3 and Cy5 for microarray hybridization, and LRs were compared. This and other repetitions indicated 94 to 97% of the ESTs within Ϯ0.2 LR. In the example, 2.7% of the ratios exceeded 0.2 LR from the mean; in all experiments, persistently variable elements were flagged and removed from the analysis. scripts were altered in transcription by a factor greater than Ϯ 0.1 LR (16% greater than ϩ 0.1 LR and 17% less than Ϫ 0.1 LR), and 10% were regulated by greater than Ϯ 0.2 LR (4% greater than ϩ 0.2 LR and 6% less than Ϫ 0.2 LR) (see www.stress-genomics.org).
In comparing stressed and control roots, the largest differences in transcript profiles were observed at the 1-hr time point ( Figure 4A ). Later, LRs increasingly converged to within Ϯ 0.1 LR of the control conditions (hatched areas). As one example, ribosomal proteins that were upregulated at the 1-hr time point (Table 2 ; see below) returned to the original expression levels after Ͼ 3 hr of salt stress. Also, at 3 and 6 hr, transcripts homologous with abscisic acid-responsive genes or proteins were upregulated (see below). This finding coincides with a reported increase of abscisic acid levels in Pokkali roots (10-day-old seedlings) after salt stress (150 mM) with a peak after 8 hr (Moons et al., 1995 (Moons et al., , 1997 . After 3 hr and up to 7 days, the number of transcripts that were either upregulated or downregulated by a factor of Ϯ 0.2 LR decreased to Ͻ 5% of all transcripts. It is obvious Transcripts expressed after 150 mM NaCl stress are shown. The expression ratios of transcripts (log-10 Cy5/Cy3) from a series of time course experiments using the microarray for Pokkali (PK) are plotted against the order of ESTs printed on the microarray (x axis). (A) Stress responses during the 7-day period. RNA from control Pokkali roots (harvested at 9 AM) labeled with Cy3-and Cy5-labeled RNA extracted from 150 mM NaCl-stressed roots for six time points (15 min, 1 hr, 3 hr, 6 hr, 24 hr, and 7 days) was used in hybridizations to ESTs deposited on microarray slides. (B) Developmental changes during the 7-day period. RNA from control Pokkali roots (harvested at 9 AM) labeled with Cy3-and Cy5-labeled RNA extracted from control (no stress) Pokkali roots from four time points (3, 6, and 24 hr and 7 days).
that most transcripts in Pokkali returned within 24 hr and clearly after 7 days to their prestress expression levels.
An experiment was designed to monitor changes in transcripts in the absence of stress over the 1-week time period ( Figure 4B ) that would allow us to distinguish stress responses from developmental changes in gene expression. Of the 1728 ESTs printed, one (3 hr), five (6 hr), nine (24 hr), and 41 (1 week) showed higher than LR 0.2 compared with the expression at the start of the experiment. Only a few of these transcripts were also upregulated under stress conditions. One of these is a rice EST homologous (ID636; 67% identity) with Arabidopsis GIGANTEA (AJ133786). In Arabidopsis, this gene is regulated by the circadian clock with highest expression 8 to 10 hr after dawn (Fowler et al., 1999; Park et al., 1999) . This compares with high signal intensity for the rice GIGANTEA -like transcript in unstressed and saltstressed Pokkali (9 hr light). Salt stress, however, reduced the amount of the putative GIGANTEA transcripts from LR 0.55 to LR 0.35 (Table 3) .
Expression Profiles in IR29 under Salt Stress Conditions
In contrast with the survival of the salt-tolerant Pokkali, the presence of 150 mM NaCl caused the salt-sensitive line IR29 to die within 24 hr. The expression profiles of transcripts during the initial phase reflect this process ( Figure  4A ). After 1 hr of salt stress, ‫ف‬ 7% (2% greater than ϩ 0.1 LR and 5% less than Ϫ 0.1 LR) of the transcripts were regulated by a factor of Ϯ 0.1 LR compared with 33% for Pokkali. At this stage, no upregulation of ribosomal proteins or elongation factor-1 ␣ isoforms was observed (Table 2 ). Additional differences in transcript induction became apparent after 3 hr, at which time 38% of the transcripts were altered in transcription by a factor of greater than Ϯ 0.1 LR (20% greater than ϩ 0.1 LR and 18% less than Ϫ 0.1 LR). At this stage, the transcripts that were upregulated in IR29 were upregulated similarly in Pokkali ( Figure 5 and Tables 4 and 6 ). This increase in the number of upregulated transcripts was later replaced by a general downregulation. After 6 hr, 38% of the transcripts were downregulated to less than Ϫ 0.1 LR; the comparable number for Pokkali was 13%. In contrast with Pokkali, the transcripts in IR29 that responded to salt stress by upregulation did not converge to the original expression level but became part of the general decrease. Thus, the differences in expression behavior between the two lines Transcripts expressed after 150 mM NaCl stress are shown. The expression ratios of transcripts (log-10 Cy5/Cy3) from a series of time course experiments are plotted against the order of ESTs printed on the microarray (x axis). RNA from control IR29 roots (harvested at 9 AM) labeled with Cy3-and Cy5-labeled RNA extracted from 150 mM NaCl-stressed IR29 from three time points were hybridized to ESTs deposited on microarray slides. included a delayed initial response by IR29, and the fact that the recovery period observed for Pokkali after 3 hr of NaCl treatment was absent in IR29.
The Time-Specific Response of Transcripts in Pokkali
The expression profiles in Pokkali were further categorized into several patterns by using cluster analysis (Eisen et al., 1998) . At least 10 different patterns of transcript regulation could be distinguished. The clusters are represented by transcripts that are upregulated at different times: 15 min ( Figure 6A ), 1 hr ( Figure 6B ), 3 and 6 hr ( Figure 6C ), 24 hr ( Figure 6D ), and 7 days ( Figure 6E ). These categories are in contrast with four clusters that showed different kinetics of downregulation ( Figures 6F to 6K ). RNA gel blot analyses confirmed the microarray results for selected clones representing different patterns ( Figure 7 ). For different time points the most highly upregulated or downregulated transcripts are listed (Tables 4 to 7 ). An "instantaneous response" cluster (15 min) contained only a few transcripts ( Figure 6A ). Among these genes encoding several GRPs were the most highly upregulated transcripts. Two GRP isoforms, GRP-1 (transcripts 185 and 1723) and GRP-2 (transcripts 430, 446, 1112, and 1539), showed ‫%06ف‬ amino acid sequence identity to the maize ZmGRP4 in overlapping regions. ZmGRP4 has been localized to the root cap, but its function is unknown (Matsuyama et al., 1999) . One hypothesis is that this class of transcripts might function as an immediate defense to stress, for example, by strengthening cell walls.
The "early response" cluster (1 hr; Figure 6B ) is exemplified by a sequence homologous with a calcium-dependent protein kinase (CDPK; transcript 392). This transcript shows 100% identity to rice CDPK7 (accession number AB042550) and to Arabidopsis ATCDPK1 (71% identity; Q06850). These CDPKs are reported as salt-stress-and low temperature-induced transcripts (Urao et al., 1994; Berberich and Kusano, 1997) . Overexpression of the rice CDPK7 gene in rice recently has been shown to increase tolerance to low temperature, drought, and high salt (Saijo et al., 2000) . The CDPK-like sequence was threefold upregulated in Pokkali but was not regulated significantly in IR29 1 hr after salt shock. At the 3-and 6-hr time points, CDPK was upregulated in both lines, suggesting a difference between the two lines in signal transduction at the early stages of stress.
One hour into the salt treatment, many transcripts homologous with ribosomal proteins were upregulated (Table 2) . Their upregulation already was evident at the 15-min time point but peaked at 1 hr. Within the category of protein synthesis, nine isoforms of the elongation factor-1 were found, all identical in sequence to rice EF-1␣ (D63580). All EF-1␣ ESTs showed an induction profile matching that of the ribosomal protein. It is tempting to assign a crucial role in defense signaling to the 1-hr time point, especially because the salt-sensitive line IR29 does not show similar responses.
The second upregulated category in this cluster, the synthesis of ribosomal proteins, and EF-1␣ (Table 2) could have a function in restructuring the protein synthesis apparatus.
Upregulated sequences at 3 and 6 hr of salt stress ( Figure  6C ) constitute an "early recovery" cluster. Several of these transcripts have been identified by two-dimensional electrophoresis as salt-stress-and growth regulator-induced proteins (abscisic acid and jasmonic acid; Moons et al., 1995 Moons et al., , 1997 . One of the transcripts is the rice 40-kD protein Osr40c1, the induction of which is related to the increase of endogenous and exogenously applied abscisic acid. Osr40c1 is suggested to perform a structural role in preventing water loss and preserving the rigidity of cell walls (Moons et al., 1997) . Transcripts 1129 and 1427 are identical to Osr40c1 (X95402), with peak expression at the 3-hr time points. Also included in the cluster ( Figure 6C ) is transcript 840, which encodes a protein with 85 to 92% identity in overlapping regions with Osr40c1, Osr40g2 and Osr40g3. The latter two proteins are induced by salt stress and abscisic acid (Moons et al., 1995) . Also included is transcript 1719, which is identical to an abscisic acid-responsive mRNA (asr1) that encodes a functionally unknown protein (AF039573 [Vaidyanathan et al., 1999] ). The upregulated transcript 470 showed 77% identity with the functionally unknown gda-1, which is induced by gibberellic acid (T06822 [Li et al., 1998 ]). Transcripts 167 and 1190, both of which are upregulated, are identical to rice S-adenosylmethionine decarboxylase 2 (SAMDC2; AJ251899). Transcript 1342 is identical to rice ␤-glucosidase (U28047), transcript 1043 showed 91% identity to a rice trypsin inhibitor in the region of overlap (U57640), and transcript 252 showed 79% identity with barley subtilisin-chymotrypsin inhibitor 2 (Y08625).
A function for an upregulated SAMDC could be in polyamine synthesis, in which this enzyme catalyzes a ratelimiting step (Kumar et al., 1997) . Polyamines, which play important roles in plant development, are known to increase under abiotic stress (Evans and Malmberg, 1989) . In rice seedlings, polyamine increases have been reported as early as 6 hr after salt stress (Basu and Maitra, 1988) . Three other ESTs (transcripts 217, 229, and 409) with less identity to rice SAMDC2, likely encoding isoforms, showed no significant change in hybridization intensity, indicating the specificity of the microarrays and the stress-specific induction of isoforms.
Again within the 3-to 6-hr time frame, upregulation of protease inhibitors (trypsin inhibitor and subtilisin-chymotrypsin inhibitor) was observed. These have been reported as inducible by stresses such as high aluminium, fungal infection, and wounding (Cordero et al., 1994; Richards et al., 1998) . With the same kinetics, ␤-glucosidases were found that catalyse the hydrolysis of 1,3-␤-D-glucosidic linkages in 1,3-␤-D-glucans. These have been implicated in three processes. First, they are involved in the alteration of specific ␤-linked polysaccharides during cell expansion in development (Leah et al., 1995) . Second, they are involved in pathogen defense reactions by cyanogenesis, wherein the enzymes catalyse the hydrolysis of glucosides after pathogen attack (Hughes et al., 1992) . Third, ␤-glucosidases could release active cytokinins, gibberellins, and auxins from biologically inactive hormone-glucoside conjugates (Brzobohaty et al., 1993) . Transcript 1342 displayed 40 to 60% identity to biologically characterized ␤-glucosidases, but its function(s) in salt stress is not known. The transcripts from Pokkali in this category, which include yet other growth factor-and stressregulated mRNAs (Tables 4 to 7) , showed similar responses in IR29 (Figure 6C ), suggesting that hormonal effects on the regulation of transcripts could be similar in Pokkali and IR29. Downregulation was observed for transcripts 347 and 1249, which are 100% identical to rice sucrose synthase-2 (sus2; X59046), and both remained downregulated after 3 hr of salt stress ( Figures 6G and 6H) . In IR29, the sus2 transcripts had decreased already after 1 hr of stress. Other ESTs (transcripts 221, 657, and 729) are homologous with rice sus1 (X64770). All are slightly downregulated after the 3-hr time point. Sucrose synthase (UDP glucose: D-fructose 2-␣-glucosyltransferase) catalyzes the reversible conversion of sucrose uridine-diphosphate to fructose and UDP glucose, a key reaction in carbohydrate metabolism (Koch, 1996) . In rice, the presence of at least three sucrose synthase isoforms, which are differentially regulated during development, is known (Wang et al., 1999) . Glucose and sucrose (Wang et al., 1999 ) modulate these transcripts. For example, maize Sh1, an ortholog of rice sus2, is downregulated by increased glucose (Koch, 1996) , suggesting that root carbohydrate metabolism may be altered by salt stress in Pokkali. In the period of 3 to 6 hr after stress, the divergence between Pokkali and IR29 became apparent, whereas before that time IR29 simply showed a "no response" reaction.
Transcripts induced 24 hr after the imposition of stress ( Figure 6D ) fall into a "stress compensation" cluster, although a more appropriate description might be "back to normal but with a difference." Upregulated transcripts for the defense against reactive oxygen species dominate this cluster. Included are transcripts homologous with glutathione S-transferase (transcript 1110, 45% identical to wheat glutathione-S-transferase [AAD10129]) and cytoplasmic ascorbate peroxidase (transcript 38, 100% identical to rice ascorbate peroxidase [D45423]). Glutathione S-transferases contribute antioxidation functions (Edwards et al., 2000) , and some isoforms have been reported to be stress inducible (Van der Kop et al., 1996; Riechers et al., 1997) . Ascorbate peroxidases, which exist in compartment-specific isoforms and are induced by reactive oxygen species, are important scavengers of cytosolic hydrogen peroxide produced under conditions of stress, and their functions have been documented both biochemically and in transgenic studies (Smirnoff, 2000) . The relationship of the encoded proteins with the defense against reactive oxygen species (Gueta-Dahan et al. Chen and Singh, 1999) suggests a function for these upregulated transcripts in salt-stressed roots. Transcripts 156, 1067, and 1502 were downregulated after 24 hr of salt stress ( Figure 6J ). They are identical in the sequenced regions to rice S-adenosylmethionine synthetase (SAMS) mRNA (ACC05590). S-adenosyl-L-methionine serves as the major methyl-group donor, for example, in the synthesis of secondary products (Yang and Hoffman, 1984; Heby and Persson, 1990) . Transcript 1465, which is identical to a second rice SAMS (Z29867), was not downregulated, indicating that SAMS isoforms are differentially regulated by salt stress, as has been seen for other species (Espartero et al., 1994; Schröder et al., 1997) .
After 7 days the plants resumed faster growth and could be considered as adapted to the stress conditions. The transcript profiles ( Figure 6E ), when compared with the prestress control and early stress time points, confirm this adaptation. The behavior of many transcripts reflects this recovery and adaptation process. For example, the transcript encoding a putative water channel protein (WCP-I) was upregulated threefold over the prestress level after 7 days, whereas the other WCP transcripts were not regulated or were insignificantly affected during the entire stress period. The nine ESTs included in the microarray represent five different WCP transcripts. The upregulated WCP-I (transcripts 157, 577, and 1464) was 80% identical to an ice plant water channel transcript (AAD31846). WCP-2 (transcripts 428, 1134, Clustering was performed according to Eisen et al. (1998) . The color saturation reflects the magnitude of the log-10 expression ratio (Cy5/Cy3) for each transcript with clone number (transcript number) and annotation. Transcripts are grouped into patterns (A) to (K) according to their expression profiles of upregulation or downregulation at different time points. ABA, abscisic acid. 1466) was identical to an unnamed rice aquaporin mRNA (AJ224327); WCP-3 (transcript 1286) was similar to wheat PIP2 (AF139815); WCP-4 (transcript 1146) was similar to wheat PIP1 (AF139814); and WCP-5 (transcript 357) was identical to rice aquaporin PIP2a (AF06393).
Only a few other transcripts showed increased expression compared with the control in 7-day stressed plants ( Figure  6E ). Transcripts homologous with rice metallothioneins are one example: MTP-1 (transcripts 1272 and 1625) was identical to OSMT-1 (U43529), and MTP-2 (transcript 689) was identical to rice metallothionein Mte transcript (AF048750). MTP-3 (transcript 1605) showed homology with metallothioneins in general but represents a novel rice metallothionein. Only MTP-1 was upregulated at this time.
Distinguishing Response Categories in Salt-Sensitive and Salt-Tolerant Rice
Most transcripts in Pokkali displayed constant expression levels (within 0.1 LR) during all phases of salt stress. Particularly, the expression of transcripts essential for cellular homeostasis such as those in the categories of energy supply (respiration, tricarboxylic-acid pathway), transcription (including mRNA processing), transport facilitation (transport ATPases), cellular biogenesis (biogenesis of cell wall), and DNA synthesis were not affected by the chosen stress conditions. Only during the 15-min to 6-hr time periods, with a peak at 1 hr, did global expression changes affect up to 33% (at 1 hr) of the transcripts. During this transition phase, the nature of the most highly upregulated (3.6%) and most drastically downregulated (5.5%) transcripts are indicative of a succession of responses that seem to prepare Pokkali to raise its defensive mechanisms. In IR29, many transcripts, including those unaffected in Pokkali, showed little change early, began to decrease at 3 hr, and were mostly downregulated within 6 hr of salt treatment. In addition, many transcripts that responded to the initial salt shock in Pokkali by downregulation returned to the original expression level, or exceeded it, as early as 3 hr into the salt treatment but IR29 transcripts did not behave similarly.
Another distinguishing characteristic revealed by microarray analysis was the timing of otherwise similar responses. Thus, the expression profile in Pokkali after 15 min of treatment was similar to that seen for IR29 after 1 hr, suggesting that a delay in the processing of signals could underlie the ineffective response of IR29 to salt stress. Essentially, the initial response of individual upregulated transcripts in Pokkali (e.g., ribosomal protein, CDPK, and several functionally unknown ESTs) was absent in IR29 ( Figure 6B ). These results indicate that the subtle regulation of a subpopulation of transcripts in functional categories intuitively associated with stress defense contributes essential elements for maintaining cellular homeostasis under salinity stress conditions. The importance of the early phase of the response is underscored by the different behavior of the two lines. It seems that Pokkali can overcome the stress due to its ability to induce transcripts that, among other functions, stimulate protein synthesis and components of signaling circuits. In contrast, IR29 shows a delay in responding by upregulation and fewer responses in total. This delay may bring about a general decrease of transcription and death with 24 hr. The succession of transcript induction in different categories that is revealed by this microarray analysis can be juxtaposed to physiological reactions that have been reported during the adaptation of rice and several other grass crops to salinity stress. A succession of responses has been distinguished (Munns, 1993) in a time frame of hours, days, and weeks after stress. These phases could be correlated with several mechanisms. Several biochemical pathways, ion and metabolite transport processes, hormonal control, cell structure and organ growth, and signaling have been identified (Yeo et al., 1990; Flowers and Yeo, 1995; Garcia et al., 1995; Price et al., 1997; Hasegawa et al., 2000) . It is not possible to correlate the physiological terms and only partially understood mechanisms in the context of this microarray analysis of plant salinity stress. The nature of functionally known transcripts that change in response to stress corroborate earlier data (Hardwick et al., 1999; Hasegawa et al., 2000; Mizoguchi et al., 2000) . The microarrays from this salt shock experiment, however, provide a significantly finer resolution than previous experiments. The new aspectsupregulation of signal transduction elements, protein synthesis, and changes in the transcripts associated with hormonal changes only later-accentuate the importance of responses that take place at the very early times of stress. The description of this succession of changes in gene expression over time begins to establish connections between and among pathways. This large-scale analysis reveals patterns that will allow us eventually to pinpoint the underlying gene expression changes that are at the basis of a plethora of physiological responses.
METHODS
Plants and Growth Conditions
The International Rice Research Institute (Los Baños, Philippines) supplied rice (Oryza sativa) seeds (lines Pokkali and IR29). After imbibition, seeds were transplanted into Hoagland solution, with the amount of iron doubled, in hydroponic tanks. Plants were grown at 28ЊC/25ЊC (50% humidity, 12-hr-light/dark cycle; 700 mol photons m Ϫ2 sec Ϫ1 ). Plants were used when the roots and shoot measured ‫7ف‬ and 10 cm, respectively. Salt stress was initiated 3 hr after the start of the light period by adding 150 mM NaCl in dilute (one-fourth) Hoagland solution, which provided external calcium at 1 mM. Roots and leaves were harvested, frozen in liquid nitrogen, and kept at Ϫ80ЊC.
Physiological Analyses
Net CO 2 assimilation, stomatal conductance, and transpiration rates were measured with attached leaves at saturating light intensity (1000 mol photons m Ϫ2 sec Ϫ1 ) at 28ЊC using an infrared gas analyzing system (Li-6400; Li-Cor, Lincoln, NE). Data were collected twice for each time course experiment. Physiological parameters were measured before and after salt additions.
RNA Isolation and cDNA Library Construction
Four cDNA libraries were constructed from Pokkali roots. The OC library used RNA from 10-day-old unstressed roots. The libraries OD, OE, and OF were made from root RNA harvested every 30 min for a period of 12 hr (OD), and similarly for the time periods 24 hr to 72 hr (OE), and 1 week (OF) after salt stress. Total root RNA and poly(A) ϩ RNA were isolated and cDNA libraries were generated (Stratagene) with Escherichia coli XL1-Blue MRF as the host. Inserts cloned into pBluescript SKϩ were sequenced from the 5Ј ends. Sequences were annotated accepting rice expressed sequence tags (ESTs) included in public databases for transcripts that showed Ͼ95% identity to the Pokkali ESTs. All EST sequences included have been deposited in the databases.
Preparation of DNA Microarrays
Polymerase chain reaction (PCR) amplification (40 cycles, annealing at 55ЊC) was performed in 96-well format with individual colonies or 1 L of plasmid DNA as templates, using T3 and T7 primers with amino-modified ends. PCR products were combined with 100 L of binding solution (150 mM potassium acetate, pH 4.8, and 7 M guanidine hydrochloride), and filtered. PCR products were eluted with 10 mM Tris-EDTA, and 1.2 to 2.4 g was dried, and the pellets were dissolved in 6 L of 1 ϫ SSC (1 ϫ SSC is 0.15 M NaCl and 0.015 M sodium citrate) for printing. Microarrays were produced by using the Omnigrid spotter (GeneMachines, San Carlos, CA). Slides, coated with either polylysine or aminoalkylsilane, contained 1728 cDNAs spotted in triplicate. Only amplicons longer than 400 bp were printed.
Preparation of Labeled Probes
Fluorescence-labeled probes were prepared from RNAs by incorporation of fluorescent nucleotide analogs during first-strand reverse transcription. Each reaction (50 L) consisted of 1 g of mRNA, 200 ng of in vitro transcripts as human control mixture, 2 g of oligo(T) primers, 0.5 mM each of dATP, dCTP, and dGTP, 0.2 mM dTTP, and 0.5 units reverse transcriptase (Superscript II; GIBCO) in 1 ϫ reaction buffer and 2 nmol of either Cy3-dUTP or Cy5-dUTP (Amersham, Pharmacia). RNA and primers were heated to 65ЊC (10 min) and quenched on ice before the remaining reaction components were added. The reverse transcription reaction proceeded for 10 min at 42ЊC preincubation followed by 90 min at 42ЊC. Buffer exchange, purification, and concentration of cDNA products were achieved by microfiltration (Qiagen, Valencia, CA). Labeled targets were collected by centrifugation after the addition of 0.1 volumes of 3 M potassium acetate and 1 volume of isopropanol. The dried pellets were reconstituted in 20 L of 5 ϫ SSC, 0.1% SDS, and 50% formamide and denatured (95ЊC) before use in the hybridizations.
Microarray Hybridization and Data Analysis
Hybridizations were performed overnight at 42ЊC in humidified chambers. The slides then were washed in 1 ϫ SSC and 0.2% SDS (10 min) and in 0.1 ϫ SSC (10 min). Slides were rinsed for 1 min in 0.01 ϫ SSC and dried by centrifugation. The fluorescent signatures were captured using a ScanArray 3000 (GSI; Luminomics, Billercia, MA) and analyzed using ImaGene III software (BioDiscovery, Los Angeles, CA). Local background was subtracted from the value of each spot on the array. Spots covered by dust particles, missing spots, spots with low signal intensity, and spots in high background areas were flagged as candidates for exclusion after further analysis. Normalization between the Cy3 and Cy5 fluorescent dye emission channels initially was achieved by adjusting the level of both image intensities of the signal intensity of exogenously added nonplant control genes and internal control genes (Ruan et al., 1998) . Transcript regulation is expressed as the ratio of intensities between stress and control (log-10 ratio, termed LR). Five human cDNA clones, accession numbers AA418251 (zinc finger protein PLAG1), AA464627 (intestinal membrane protein A4), H28469 (IGa-2 chain C), AA456109 (scaffold protein Pbp1), and AA485668 (integrin b-4 subunit) were transcribed in vitro. The five cRNAs were diluted each to a different degree (order as listed above) to provide 2, 1, 0.2, 0.1, and 0.02 ng of cRNA, respectively. The mixture of cRNAs was added to the plant target RNA before the incorporation of the Cy3 and Cy5 dyes. Microarray slides were printed to generate four major segments into which individual elements were printed multiple times (triplicates in these experiments). In some experiments, it was necessary to use different normalization factors in segments due to differences in background or variable target intensity. To reduce area-specific effects, we achieved normalization between the Cy3 and Cy5 fluorescent dye channels by calculating the ratio between the total Cy3 signal from all spots in relation to the total Cy5 signal from all spots in each segment (Hardwick et al., 1999) .
RNA Gel Blot Analysis
Total RNA (10 g) for each sample was loaded on 1.0% agarose/ formaldehyde gels and blotted onto nylon membranes (Stratagene). Filters were hybridized overnight at 42ЊC with randomly primed 32 P-labeled cDNA probes in 2 ϫ SSC buffer containing 50% formamide (as for microarrays), washed twice in 2 ϫ SSC and 0.1% SDS and twice in 0.1 ϫ SSC and 0.1% SDS, both at 42ЊC, and exposed to x-ray films at Ϫ80ЊC. Intensities were determined by phosphorimaging.
